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ABSTRACT
In this work we investigate the reaction propagation velocity of aluminum and
copper oxide Metastable Intermolecular Composites (MIC’s).

All samples were

deposited in a magnetron sputtering system using 2 aluminum targets and 2 copper
targets. The copper is sputtered in an oxygen rich environment in order to obtain copper
oxide rich films. Three different layer structures are used for various measurements that
are composed of alternating 20 layer pairs, 30 layer pairs, and 40 layer pairs. All layer
pairs maintain a constant total thickness of 3.2 microns. Each layer structure can be
prepared independent of a substrate and is measured with the use of photodiodes or with
direct device contact. Aluminum and copper oxide structures have potential use as
propellants and additives to explosives, thus, accurate propagation velocity or burn rate
measurements are important.

The developed measurement system for burn rate

measurements of Al/CuO MIC’s can achieve and accuracy of 0.1 m/s.
In order to determine the velocity limiting characteristics, MIC’s on glass and
silicon substrates were measured as well as free standing Al/CuO MIC’s. Separate burn
rate measurement devices were created in order to handle the variety of substrates. In
addition, the ignition energy of the Al/CuO MIC was studied to further characterize the
samples. This was done using both voltage and current probes of a reacting sample.
Rutherford backscattering spectroscopy (RBS) was used for sample composition
calibration.

The pre- and post-reaction Al/CuO MIC’s were also characterized by

transmission electron microscopy (TEM).
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CHAPTER 1
INTRODUCTION

Motivation
Energetic materials that are based on organic chemistries primarily C, H, N, and
O are used as propellants and explosives in a variety of military weapon systems.
Inorganic materials, such as nanocomposite thermite materials (also known as Metastable
Intermolecular Composites MIC’s) are a promising alternative, having a similar energy
per unit weight (kcal/gm) but having a significantly higher energy per unit volume
(kcal/cm3 energy density). One of these latter materials, nanolayered Al/CuO thermite
thing films, is the studied in this thesis. Table 1.1 illustrates a brief comparison of both
organic energetic materials and their inorganic counterparts of MIC’s [1]. The Al/CuO
MIC has almost 3 times the energy density of TNT and is potentially useful for a wide
range of military applications.

Table 1.1: Energetic Materials Properties

Energetic Material

Energy per unit weight (kcal/gm)

Energy per unit volume (kcal/cm3)1

TNT2

-1.09

-1.80

RDXii

-1.51

-2.73

Al/CuO

-0.97

-4.98

Al/MoO3

-1.12

-4.28

1

100% of theoretical maximum density is assumed.
Values are in terms of heat of detonation, which is the change in enthalpy for the high order detonation.
No afterburning is considered.
2
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With energy density being a starting point for MIC applications, the reaction
propagation velocity or burn rate is also considered to be very important. The burn rates
for MIC have been seen to be much lower than organic materials. Typicall, the reaction
of organic materials proceeds as a mechanical shock wave that destabilizes the energetic
molecule. This shock wave moves at the speed of sound in the material, a few to several
thousands of meters per second. For MIC’s, the reaction proceeds much more slowly, as
a thermal heat wave, as the heat of one reaction region is conducted forward to heat a
new region and start its reaction. However, recent works varying the technical processes
and geometry of the materials have shown promise in improving the burn rate [2-9].
Burn rate limits for MIC’s have not yet been determined and have the potential to
be maximized further.

Previous work by others has shown maximum burn rate

propagation of dense MIC materials to be only approximately 20 m/s [2],[5],[9]. While
studies carried out at the University of Central Florida have shown burn rates of 65 m/s
have been recorded consistently for Al/CuO multilayer thin films. Higher burn rates are
obtainable only if the correct composition is obtained along with an appropriate substrate
and improved deposition processing of the Al and CuO layers.

Main Objective
The main objective is to study the process of maximizing the burn rate for
Al/CuO multilayer MIC’s. To measure the burn rate of free standing Al/CuO multilayer
MIC’s a new type of optical measuring device was created. A new measuring equipment
was built in-house to accommodate these experiments and custom software was also
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written. With the use of data collected from Al/CuO multilayer MIC’s on glass and
silicon substrates the accuracy and robustness of the new optical measurement system
will be enhanced. The main focus is ultimately recording and subsequently reproducing
the fastest possible burn rate for Al/CuO multilayer MIC’s.

Problem Statement
Measuring the burn rate for Al/CuO multilayer MIC’s has been done previously
by physically probing a sample. This requires a rigid substrate with good electrical
conductivity. Free standing thin films are too brittle for direct electrical contact and
cannot be measured using this method. Solutions to this problem are proposed and
discussed.
Chapter 2 will focus on sample preparation: A discussion on the deposition and
removal of free standing Al/CuO thin films is included. Chapter 3 focuses on software
solutions using a LabView environment and the different hardware versions of free
standing testing devices. In Chapter 4 the ignition energy of the Al/CuO MIC’s is
described and the final optical measurement system version is used to collect accurate
burn rate data of free standing Al/CuO thin films. Chapter 5 will provide a summary and
future work to be done with MIC’s.

Literature Review
In the 1980’s L. Takacs took the works of Chakurov , which studied the
combination reactions between chalcogen elements and metals; the most widely studied
mechanically induced self-sustaining reactions (MSR) [10]. This work is considered to
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be the first to study self-sustaining reactions and later gave birth to advanced MSR
material processing with the use of ball mills. Ball milling was done by Bakhshai to
demonstrate the propagation reaction of Al and CuO powders in 2001 [11]. The study of
the self sustaining reactions is considered to be the field of mechanochemistry.
Mechanochemistry incorporates important mechanical features as well as chemical
compositions.
While burn rates as high as 1,000 m/s have been reported for loose powders (the
density of these powders is typically 5% to 10% of the theoretical maximum density
(TMD)), the maximum burn rates for consolidated powders tend to be significantly lower
[12]. The qualitative difference between these two cases can be attributed to the forward
convection of hot gases in the low density loose powder assemblies, which is restricted or
eliminated in higher density materials [13].

Figure 1.1 summarizes reports of the

maximum burn rate obtained as a function of the sample density, expressed as the
percentage of the TMD. The data for particulate MIC materials suggest a logarithmic
decrease in burn rate with increasing density [12],[14],[15],[16],[17].

For densities

greater than or equal to 50% of TMD, the highest burn rate reported for particulate MIC’s
is only 10 m/s, observed for 100 nm Al powders compacted with MoO3 powders [12].

4

Figure 1.1: Maximum burn rate (reaction velocity) comparison of particulate and layered MIC materials

For layered MIC’s the commonly accepted modes are illustrated in Figure 1.2
[18]. Planar product layers are formed at interfaces between reactant layers, and the
product layers thicken at the expense of the reactant layers during the course of the
reaction. The reaction rate is limited by the diffusion of the reactant(s) across the product
layers and films with thinner individual layers are expected to have higher burn rates.
This model has been used extensively [19],[20],[21], and extended by the research group
of Professor Weihs at Johns Hopkins University to describe reactions in MIC systems
[4],[5],[6],[22],[23],[24].

The planar product layer model works well to describe

reactions of MIC samples with relatively thick layers, but may not apply to thinner layers.
Figure 1.3 shows the model developed by the Johns Hopkins group with experimental
data of Al/Monel reactions illustrating the slower reaction times with a thicker multilayer
period. For very thin bilayer thickness (less than 50nm) the reaction velocity decreases
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again, in this case due to the presence of a pre-existing product layer at the Al/Monel
interfaces. The loss of reaction velocity when the layers become too thin (or particles too
small) is a common problem in MIC reactions and limits the ability to get very high
speed reactions. This limit is associated with a partial reaction of the materials during
processing that limits the available reaction heat release. The Johns Hopkins group also
studied Al/CuO reaction and observed a propagation velocity of 1 m/s for vacuum
deposited 1,000 nm bilayer period Al/CuO reactions [6].

Figure 9 – Conventional model of reaction propagation,
reaction
rate is limited
bythe
diffusion
Figure 1.2: Conventional wherein
model of the
reaction
propagation,
wherein
reactionacross
rate is limited by diffusion across
thickening product
layers. product
From ref.
21.
thickening
layers
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Figure 1.3: Comparison between experimental data for Al/Monel multilayer’s and model predictions

A difference in the reaction mechanism with length scale has been previously
reported for the isothermal (not self-propagating) reactions of layered thin films. An
initial stage of reaction, having faster reaction kinetics, was first reported by Coffey, et.
al.[25], using differential scanning calorimetry to measure reaction rate, and has been
observed in several systems [26],[27], including Al/CuO [28]. These measurements were
taken by increasing the temperature by 50 degrees Celsius continuously during the
reaction and measuring the heat released by the reaction. The first few 10’s of nm of the
reaction products form considerably faster than the subsequent thickening of the product
layer. This faster reaction stage is attributed to the nucleation of the products as isolated
clusters in the interface of the reactant layers, which subsequently grow within the
interface, to form a continuous product layer. These two stages of reaction are illustrated
in Figure 1.4 as stage “A” and stage “B”. For thin product layers (<45 nm for Nb/Al), the
entire foil is consumed rapidly by the stage “A” interfacial reaction, wherein the reaction
rate is presumed initially limited by product phase nucleation. For thicker product layers
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(>210 nm for Nb/Al), the reaction proceeds more slowly, primarily via stage “B,” where
the reaction rate is limited by diffusion across the product layer.

Figure 10 – The rapid initial reaction and
subsequent slower product layer thickness. From
ref. 26.

Figure 1.4: The rapid initial reaction and subsequent slower product layer thickness

For self-propagating (non-isothermal) MIC reactions, the existence of a stage “A”
reaction phase has not yet been explored, and the melting of both the reactant layers and
products during reaction requires consideration. The reaction temperature calculated
during the course of the adiabatic reaction of Al/CuO multilayers is shown in Figure 1.5
[36]. Significantly, we can expect both Al and CuO reactant layers and the Cu product
layer to be molten before the reaction is 25% complete. The alumina product layers will
also melt before the reaction reaches 50% completion. The morphological stability of
thin (~16 nm for a 50% reacted 80 nm period Al/CuO MIC) liquid alumina product
8

layers is questionable. Liquid phase diffusion across the product layers and the direct
liquid phase mixing of the reactant layers must be considered. Khina, et. al., have
suggested a reaction mechanism wherein the initially layered reactants form a
homogeneous molten solution, from which the product phase precipitates [29]. The
vaporization of both reactants and the possibility of the decomposition of CuO introduce
vapor phase reaction mechanisms, as well.
3000
Al, CuO vaporization

Temperature (°C)

2500
2000

Al2O3 melting
2 CuO = 2 Cu + O2 not shown

1500

Cu, CuO melting

1000

Al melting

500
0
0
0%

5

25%

10

15
50%

20

75%

Thickness
(nm)
Fraction
Reacted

25

100%

30

Figure
11 – Calculated
temperature
Figure 1.5: Calculated
temperature
of Al/CuO reactants
and productof
as aAl/CuO
function of the extent of adiabatic
reaction
reactants and product as a function of the extent of
reaction. in the reaction of aluminum and copper oxide that
There areadiabatic
some uncertainties
will be described. With high energy combustion release there is an uncertainty amongst
the reactions propagation path. This path variation can alter the reacted product which
correlates to the amount of energy released in the chemical function. Multiple studies
have been done in order to characterize the reaction between Al and CuO. Listed below
are 3 different variations of what possible reaction paths Al and CuO can take for
mechanically milled Al and CuO powders, which illustrates the potential complexity of
the reaction [30],[31],[32].
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1. During the reduction reaction of mixed Al 10CuO mixed powders reacted with
ball mailing. CuO is thought to be reduced gradually by its reaction with Al.
This reaction is believed to be controlled by the diffusion of atoms and ions. With
the reduction of Cu it is then believed to react with Al from ball milling to
spontaneously form a Metastable Al4Cu9. This phase is formed instead of the
CuAl2 phase which is only seen after an annealing process.
2. Hot pressing of Al 5CuO composite a nanostructure is obtained. The conditions
for hot pressing consist of a low temperature with high pressure. Reinforcements
include 100 to 500 nm of CuAl and 10 to 50 nm of oxide and carbide. Analysis
shows a crystalline size of 73.6 nm for the aluminum matrix, which is attributed
to the slowing effects caused by the fine oxide. Also the carbide and fine oxide
support the nucleation of CuAl2, hindering the solution of copper in aluminum.
3. The nanostructure Al–5CuO composite possesses high yield strength both at
ambient and elevated temperatures. The fine grains of Al and the nano-sized
oxide and carbide particles contribute mainly to the increased strength of the
composite [32]. This paper investigated the type of crystal structure of product
(FCC, BCC, HCP) can affect the total energy released in the reaction. There are
many other examples of variations in the path and the results, and due to the
nature of the variables, a certain amount of uncertainty is always expected [32].

Summary of Literature Search
A brief review containing the previous studies of Al/CuO in bulk and thin film
properties has been done. The critical points of Al/CuO are highlighted in order to

10

provide appropriate background information for this study.

Information has been

provided to show the valuable use of thin film MIC systems to increase the burn rate, to
better meet the requirements for military applications. In the concluding part of my
literature search certain un-expecting chemical functions and reactions of aluminum and
copper oxide are briefly explained based on the current provided information.
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CHAPTER 2
SAMPLE PREPARATION AND CHARACTERIZATION

Thin Film Deposition and Characterization
The thin film deposition of Al and CuO were prepared in an ultra high vacuum
(UHV) magnetron sputter deposition system. Simultaneously two aluminum targets were
used to deposit the Al layers and two copper targets were used to deposit the CuO layers.
All targets were of a purity of 99.5%. The UHV deposition system base pressure was
approximately 1 X 10-8 Torr. Using thin film processing allows for a high degree of
control of the thickness and composition of individual layers and of their corresponding
interfaces. It also allows for more complex structures to be prepared. Having samples
with a wide variety of additional layers and materials that may serve as internal probes of
the reaction process due to their thermal (specific heat, phase transformation) or
mechanistic (diffusion barrier) effects also makes thin film processing ideal. Using
vacuum deposition of multilayer nanocomposites may be an expensive means to produce
bulk quantities of MIC materials, but it was ideally suited as a model system for the study
of MIC reactions. Bulk quantities of layered nanocomposites can be prepared by more
cost-effective techniques, such as swaging, rolling and milling and have also
demonstrated 100 nm layer periods [22], however these techniques were not utilized.
Layered Al/CuO MIC’s are deposited to have a total thickness of 3.2 µm
consisting of alternating Al/CuO pairs. The alternating pairs have the corresponding
thickness of 26 nm for Al and 54 nm of CuO. Figure 2.1 has an example of the Al/CuO
MIC structure.
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CuO
26 nm
80 nm

54 nm

Al
CuO
Al
CuO
Al

Figure 2.1: Sample structure of Al/CuO layered MIC

Figure 2 – Sample structure of Al/CuO layered MIC
An automated thin film deposition process was used in order to create the
complicated structure of the different layered pairs. 40 layer pairs were the main focus
for burn rate measurement, due to the consistency of a violent and fast propagation rate.
The calibrations of deposition rates and stoichiometry for the reactively deposited CuO
are determined by Rutherford backscattering spectroscopy (RBS). Figure 2.2 shows an
example of RBS data for Al/CuO thin films
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Figure 2.2: Al to Cu ratio on a single Al/CuO layered pair structure on top of silicon

High-resolution transmission electron microscopy (HRTEM) images were also
used to look at the layered Al/CuO pairs. The initial characterization of the as-deposited
Al/CuO interfaces has not shown the continuous amorphous alumina “buffer” layer as
expected in the previous works [33],[34]. Both regions with and without an alumina layer
between the Al and CuO crystallites were observed by HRTEM. Example HRTEM images of
both types of regions are shown in Figure 3. The observation of this inhomogeneous alumina
formation at the Al/CuO interface is significant and requires additional future study, as it is
evidence that this initial reaction is not limited by diffusion across a product layer3.

3

The absence of alumina in only a portion of the interface indicates nucleation or interfacial reaction limits
must also be present.
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b)

a)

O
Al 2

uO
C

Cu
O

3

Al

Al

Figure 3 – HRTEM images of Al/CuO interfacial

Figure 2.3: HRTEM images of Al/CuO interfacial regions with a), and without b), an intermediate amorphous
regions with a), aluminum
and without
anlayer
intermediate
oxide b),
buffer

amorphous aluminum oxide buffer layer

Masking Procedure
Two 3 inch masks were used for creating Al/CuO MIC thin film samples used in
this study. The first mask is used to make a solid copper electrical connection for
probing. While the second masked was used to create long strips of Al/CuO MIC.
Figure 2.4 details the masks used for deposition.

Figure 2.4: Bottom electrode contact mask and Al/CuO MIC mask

Each deposition run would yield a possibility of 3 samples on substrates taking as
long as 6 hours to complete for 40 layer pairs. In order to reduce the chances of a premature reaction during deposition and sample retrieval grounding wires are attached to
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the substrate holder and the load lock chamber. This was done to help eliminate the
discharge of a static shock that would start a self propagating reaction.

Substrate Preparation
Silicon substrates and glass slides were used for the experiments. Both substrates
underwent standard wafer cleaning procedures of acetone rinse followed by methanol,
and DI water rinse. Retrieving free standing films was more complicated and required
extra substrate preparation. A thin layer of positive photo resist was spin coated onto the
Al/CuO MIC substrate mask at 3,000 rpm for 30 seconds. This allowed for a lift off
procedure by submerging the mask in an acetone solution. Acetone would dissolve the
underlining photo resist and the reactive Al/CuO MIC would float to the surface. Due to
the stress of the film most Al/CuO MIC would break off into little pieces leaving few
usable films for measurement.

Post Reaction Al/CuO MIC Characterization
After the reaction of the Al/CuO a non electrically conducting product of Cu and
Al2O3 remains. The resulting product can be seen in figure 2.5, where the large irregular
conglomerates have been identified by energy dispersive X-ray spectroscopy (EDX) as
Cu-rich, while the smaller spherically-shaped features appear to be aluminum and oxygen
rich.
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Figure 6 – Scanning electron micrograph of
reacted layered MIC.

Figure 2.5: Scanning electron micrograph of reacted layered MIC

A more detailed view of the reaction products is shown in the transmission
electron microscopy (TEM) image of figure 2.6, where the regions of alumina, Cu and
substrate are clearly marked.

As expected from adiabatic heat release [23], melting of

both the Cu and alumina product phases has occurred. Please note that while Cu is
present, the congealed Cu droplets are isolated, one from another, hence the film does not
conduct electricity from point to point.

Cu
Substrate

Al2O3
Figure 7 – Bright field transmission electron
Figure 2.6: Bright field transmission
electron
microscopy
image of a of
cross-section
microscopy
image
of a cross-section
reacted of reacted layered MIC

layered MIC.

17

Figure 2.7 shows a higher magnification, high angle annular dark field image of
the interior portion of a large Cu-rich region, and small, 20 to 100 nm, Al-rich inclusions
are evident, presumably to be alumina. The small scale of these is surprising, as it
suggests the breakup of the alumina product layer may have occurred very early in the
course of the self propagating reaction. If a planar reaction geometry was maintained
until the completion of the reaction, then a final alumina layer thickness of 65 nm is to be
expected. The break-up of a 65 nm liquid layer is expected to provide particulates of
significantly larger dimensions.

Cu layer

Figure 8 – High angle annular dark field image of

Figure 2.7: High angle annualr
dark field
image
Cu-rich region
a cross-section of reacted layered MIC.
a Cu-rich
region
inofa across-section
ofinreacted
Small (20 to 100 nm) Al-rich inclusions are present

layered MIC. Small ( 20 to 100 nm) Al-rich
inclusions are present.
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CHAPTER 3
SOFTWARE AND HARDWARE

LabView Software Solution
LabView is a platform and developed environment written in a programming
language called G. It is designed to help control hardware interfaces for data acquisition
for all National Instrument cards. Multiple inputs with a high data acquisition rate and
high voltage sensitivity were required. A National Instrument PCI-6250 card was used
because it has the capability to handle one million data samples per second using multiple
channels. The software that was written for control and data collection is detailed in
Appendix A.

Hardware Measurement Devices
Two different hardware measurement devices were needed to interface with the
LabView software; physical and optical.

One device was appropriate for physical

probing of Al/CuO MIC on a physical substrate such as glass or Si. While the other
measurement device utilized optics for the measurement of free standing Al/CuO MIC’s.
Multiple versions of free standing devices were made and tested as the requirements for
optical measurements were more rigorous.

In Table 3.1 a matrix of samples and

hardware measurement devices is constructed. Glass substrate samples are currently the
only sample that can be measured by both physical and optical measurement devices.
The rest of this section will cover in detail all the measurement devices with their
advantages and disadvantages.
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Table 3.1: Possible measurement configurations for Al/CuO MIC

Substrate

Physical Measurement

Optical Measurement

Silicon

Yes

No

Glass

Yes

Yes

Free Standing

No

Yes

Physical Measurement
Electrically conducting circuits are created using the Al/CuO MIC thin film as a
bridge for electrical conduction between the Cu contacts. This method of spaced Cu
contacts allows for conduction when material is present and no conduction when the
Al/CuO MIC has been reacted. As the flame ignites from one side of the Al/CuO MIC, it
can propagate with a constant speed across the sample.

The typical hardware

configuration and resistance for physical measurement is shown in figure 3.1. Each
probe is connected in a series of resistance that allows for a voltage drop to occur as a
flame passes the Cu contact pads. A sample stepwise change is shown in figure 3.2.
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Figure 3.1: Typical physical measurement device
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Figure 3.2: Example of a physical electronic reaction velocity measurement Al/CuO MIC

Optical Measurement
Optical measurement requires the assumption that the hottest and brightest portion
of the self propagating reaction corresponds to the highest voltage peak when centered
over a photo-diode. By placing an array of equally spaced photodiodes, a burn rate can
be measured by recording the time in-between voltage peaks.
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This method of

measurement is analogous to the physical measurement device but different in that no
physical contact is ever made to the Al/CuO MIC sample. The burn rate is determined
by:

Where Xdiode is the constant distance between each diode and f is the frequency of data
points. P2 and P1 are the corresponding data points at which the voltage measured by the
photodiodes peaks. In Figure 3.3 an idealized set up is illustrated where the flame
propagates through the stationary Al/CuO MIC. The flame ideally has a localized point
that propagates at a constant rate and is the same as the speed of the particles.

Figure 3.3: Typical axis-symmetrical Flame Propagation of Al/CuO MIC

Figure 3.4 illustrates a more detailed idealized reaction thermal wave front
propagating though a layered Al/CuO MIC sample. The mechanism(s) that limits the rate
of propagation may, in principle, occur at any point in the reaction front. It is safe to
anticipate both the aluminum and copper oxide layer as well the copper reactant to be in a
molten phase before 25% of the reaction is complete. The alumina reactant products will
also be molten before the reaction can reach 50% completion. A homogeneous molten
solution is proposed by Khina, et. al. where the initially layered Al/CuO and the reactants
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form this liquid solution [29]. From this combined molten phase vaporization occurs that
leads to vapor reactants of aluminum and copper oxide taking place between 75 and 100
percent. The calculated values for temperature can be seen in figure 1.4. This reaction
zone width is the key area that will be needed in order for the optical measurement device
to work.
Temperature (°C)

Reaction
Zone Width

w

3000

Al, CuO vaporization
2500
2000

Reaction
Velocity

Al2O3 melting

v

1500
1000

Cu, CuO melting
Al melting

500
0
100% 75%

50%

25%

0%

Position

Fraction Reacted

Figure 12 – Idealized view of layered MIC reaction propagation.
Figure 3.4: Idealized view of layered MIC reaction propagation

Two separate approaches were taken in order to measure the Al/CuO MIC’s
optically. The first device used fiber optic photovoltaic- diodes. This was initially done
by Gavens et. al. however the experimental setup had to be modified heavily [35]. The
second omitted the use of fiber optics and the photodiodes were exposed directly. Both
approaches included photodiodes which are sensitive to ambient and direct light so an
initial focus was to have an encapsulated reaction box. This also helped keep the product
vapor phase from escaping directly into the atmosphere, which might be considered
harmful to inhale. The enclosed box however made it very difficult to ignite the sample
and the approach had to be modified for both optical measurement devices. Figure 3.5
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shows the fiber optic photodiode optical measurement system and Appendix B has
further details.

Figure 3.5: Enclosed fiber optic photodiode optical measurement device

The second approach for optical measurement uses a direct light exposure to the
photodiodes. The resulting outcome created a stronger signal to noise ratio and a higher
accuracy when calculating the spacing distance of each photovoltaic diode. Drilling
holes ten times more deep than wide created a narrow tunnel to which ambient light did
not affect the pre-triggering of samples. This also ensured that during a reaction the
focus of the light was indeed the highest intensity when directly above the appropriate
photodiode. One problem with the direct light optical measurement system is that the
voltage drop off for a single photodiode was to long when returning to it’s steady state
voltage. Neutral Density (ND) filters had to be used in order to correct this problem. ND
filters are considered to be a grey filter and reduces the wavelength of all colors equally.
The optical density of an ND filter varies by the variable d where the Fractional
Transmittance is equal to 10-d. Table 3.2 shows the matrix of ND filters used until an
appropriate combination of ND1+ND4 was obtained.
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Table 3.2:Neutral Density Filter Configuration Matrix

ND1

ND3

ND4

ND1+ND3

ND1+ND4

ND3+ND4

ND1

ND1+ND1

-

ND1+ND4

ND1+ND1+ND3

ND1+ND1+ND4

-

ND3

ND3+ND1

ND3+ND3

-

ND3+ND1+ND3

-

ND3+ND3+ND4

ND4

ND4+ND1

ND4+ND3

ND4+ND4

ND4+ND1+ND3

ND4+ND1+ND4

ND4+ND3+ND4

Figure 3.6 shows the typical output of a direct light single photodiode with the use
of ND1 and ND4 filters compared to an output with no filters. The resulting use of filters
yielded a 10 milli-second improvement or a 40% faster return to steady state voltage.
When combined with multiple photodiodes in an array this improvement made the
difference between discernable and indiscernible peaks.
0.15
0.1

Voltage

0.05
0
0.0005
-0.05

0.001

0.0015

0.002

0.0025
without filter
with filter

-0.1
-0.15
-0.2
-0.25
-0.3
Time (s)

Figure 3.6: Direct Light Single photodiode optical measurement with and without filters
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Operational amplifiers (op-amps) were also used in conjunction with the direct
light setup. The op-amps increased the voltage intensity seen by the NI data acquisition
board and created sharper peeks in order to calculate an accurate burn rate measurement.
Resistances for the op-amps were chosen for an increase of 10 times the input voltage.
Figure 3.7 shows the direct light photodiode optical measurement system and Appendix
C has further details including the operational amplifier circuit used for measurement.

Figure 3.7: Top and side view of direct light photodiode optical measurement device
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CHAPTER 4
MEASUREMENTS AND RESULTS

Single-Shot Intensity Measurement
It was important to optimize each photodiode and that included calculating the
appropriate diode resistance. This test was performed without the use of op-amps in
order to determine the true signal output of the photodiodes before any post circuit
analysis. Multiple tests were done with varying resistance in order to determine this
value. All diodes were tested with Al/CuO MIC’s and the reactions were categorized
into 3 categories: mid for middle, small for small, and chunk for a conglomerate of
Al/CuO MIC. The tests were done using the filter combination of ND1+ND4 except for
the data series denoted as 235. Figure 4.1 has the results of the single-shot intensity
measurement with varied resistance.
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Figure 4.1: Single shot intensity measurement with varied photodiode resistance

The various resistances were altered and it was found 470k ohm was too high and
did not have a short enough drop down voltage time.

Moving forward with

measurements the 235k ohm resistor was chosen. In the graph you can also see a
comparison of a 235k ohm resistor with the use of the ND filters and without. This was
done to verify the importance of both a good filter and resistor combination for the
photodiodes.

Double-Shot Intensity Measurement
Using experimentally determined resistance values and filters the following
output of the direct optical measurement system using two photodiodes without op-amps
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is shown in Figure 4.2. The various voltage intensities can be explained with the various
light intensities present over the photodiode. All samples used for the double shot
intensity measurement consisted of free standing 20 layer pair Al/CuO MIC. Peak
definition is recognizable without the use of op-amps and a clear understanding of an
unmodified output voltage is seen from the direct light optical measurement device. With
the addition of op-amps peak amplification was obtained and a desirable output
waveform is generated.

Figure 4.2: Unmodified output voltage of 2 direct light photodiodes in series

Ignition Energy
A study was done in parallel with the time of flight measurement that was
conducted in order to determine the amount of energy required to initiate a self
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propagating Al/CuO MIC reaction. All self propagation measurements done previously
at UCF have been ignited with a standard 9 Volt DC battery. This method of ignition
was a crude way to initialize a self propagation reaction in a Al/CuO MIC. I felt that
more details about this should be investigated. This work was done in part with my
summer internships provided by Tyco Fire and Safety in Boca Raton Florida.
Al/CuO MIC’s were deposited on top of silicon with a diameter of 10cm. The
devices were probed using a handheld multimeter, which measured a range of resistances
between 4 and 12 ohms. Three different measurement setups were formed in order to
characterize ignition energy to initiate a self propagation. The first setup used a single
pole double throw switch and a capacitor in parallel. The second measurement device
replaced the switching mechanism and used a ramping pulse from a voltage generator in
parallel with a Al/CuO MIC. The third device consisted of one probe that was lowered
into intimate contact with the Al/CuO MIC. All measurement data was recorded using a
Techtronic’s TDS 754C oscilloscope.

Single Pole Double Throw Switch
The single pole double throw switch was a DC voltage source that was in parallel
with a capacitor. When the mechanical switch was in one position a capacitor was
charged. By switching the pole of the mechanical switch all the energy stored in the
capacitor would be delivered to the Al/CuO MIC; Figure 4.3 illustrates this concept.
Varying the capacitance seen in Table 4.1 I had used to control the amount of energy
transferred into the film. The minimum capacitance and voltage value used that was able
to ignite a reactive film was a 10mF capacitor at 3 Volts. The minimum capacitance
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charge was 17µ Coulombs and the minimum energy supplied was 60µ Jules. Non ignited
samples are colored shaded in red with reacted samples shaded in green.

Figure 4.3: Single pole double throw switch with Al/CuO MIC in parallel

Table 4.1: Varying Capacitance and Voltage for single pole double throw switch with Al/CuO MIC in parallel

10 µF

100 µF

1000 µF

1 Volt

5 µJ

50 µJ

500 µF

2 Volt

20 µJ

200 µJ

-

3 Volt

45 µJ

-

-

4 Volt

80 µJ

-

-

Ramping Pulse Measurement
The energy value of 60 µJ was considered to be too high than desired, and it was
possible that the mechanical switch had a high resistance and not all of the capacitors
charge was dissipating into the Al/CuO MIC. A second test was preformed that allowed
for both probes to remain in contact and a voltage pulse would be sent through the
Al/CuO MIC. By triggering the oscilloscope waiting in single shot mode only looking
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for a rise in current and the function generator on single burst mode the output of the
Al/CuO circuit waveform could be analyzed as seen in Figure 4.4. One channel was used
to record the current output and triggering while another channel was used to capture the
voltage.

Figure 4.4: Single burst triggered oscilloscope waveform capture for Al/CuO MIC

The first output waveform was tested with little voltage in order to ensure a non
reaction event. Having being able to see the voltage and current rise of the circuit both
the resistance of the film could be calculated. Figure 4.5 shows a 0.688 Volt Peak to
Peak single shot ramping waveform. The resistance calculated from this graph was
complimentary of the handheld multimeter and ensured that this setup was accurate for
measurement.
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Figure 4.5: Single shot ramping waveform connected to an Al/CuO MIC

Setting the Peak to Peak voltage pulse to 12 and 20 volts it was possible to
achieve a break self propagating reaction event. In the event of a reaction the current
should drop completely to zero with the measurement configuration of oscilloscope
probes. However, an unforeseen rise in voltage and current was observed during the
middle of a self propagating reaction. This sharp increase in voltage and current during
the reaction of the Al/CuO MIC made it necessary to perform an averaging on the output
waveforms. The averaging was used in order to calculate the power, resistance and
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energy needed to start a self propagating reaction. Figure 4.6 and Figure 4.7 show the
results of the ramping pulse measurement waveforms.

Figure 4.6: 12 volt peak to peak pulse measurement waveform with 137µJ energy absorbance

34

Figure 4.7: 20 volt peak to peak pulse measurement waveform with 188µJ absorbance

The energy required for the self propagation of the Al/CuO MIC in this
measurement setup was much higher than using the single pole double throw switch
measurement setup. It can me concluded that the slow ramping effect in comparison to
the capacitors discharge, was creating minor changes to the Al/CuO layers and thus the
film was not able to reach a critical propagation reaction point. This was consistent with
anecdotal reports that a heated MIC would lose it’s ability to support a self-propagating
reaction. With careful deliberation a third test was conducted that mimicked the single
pole double throw method of activating the Al/CuO MIC.

35

Lowering Probe Measurement
The third and final ignition test was preformed that resulted in lowering one probe
into intimate contact with the Al/CuO MIC. The lowering of one probe was done while
the other probe maintained a secure electrical contact seen in Figure 4.8. This method is
similar in the way that all the films have been ignited in the past for burn rate
measurement purposes that consisted of using a 9 Volt DC battery. This method is
thought to induce the lowest possible ignition energy required to start a self propagation
event in the Al/CuO MIC.

Figure 4.8: Lowering probe measurement

The lowering probe measurement setup used the same settings developed for the
ramping pulse measurement. Having the oscilloscope set to trigger the data collections
with the rise of current and generate an output waveform. As expected it was concluded
that this method of initializing a self propagation reaction yielded the lowest amount of
energy required. The results concluded a maximum result of 12µ Jules and a minimum
of 8µ Jules. This was calculated by measuring the voltage drop across the capacitance
from its starting point to a full discharge. The output waveforms for this experiment are
shown in Figure 4.9 and Figure 4.10.
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Figure 4.9: 1µF Capacitor with a 12µJ energy dissipation
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Figure 4.10: 1µF Capacitor with a 8µJ energy dissipation

By losing the mechanical single pole double throw switch, accurate dissipation
energy is calculated. The minimum energy required to start a self propagation reaction
ranges between 8 µ Joules and 12 µ Joules.

Burn Rate
Using the direct light photodiode with op-amps measurement device the burn rate
measurements of free standing Al/CuO MIC’s were possible. This section will show the
best sample sets for 40 layer pairs. In order to get to this point in the research many
sample sets with various layering structures had been destroyed.

This issue is

unavoidable with measuring the reactive Al/CuO MIC’s because no sample can be
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measured twice. Discrepancies in the burn rate can be accounted for by the discrepancies
in each individual sample. This difference occurs because of the lift of procedure and the
brittleness of the Al/CuO MIC as a free standing thin film. A rough estimate of how fast
the Al/CuO Mic sample is propagating can be audibly determined. Most 20 and 30 layer
Al/CuO pairs have a less violent reaction and are more stable when handling. This
includes removal from the sputtering equipment, and being placed on top of the direct
light photodiode measurement device. The 40 layer Al/CuO pairs have a loud violent
reaction and can be unstable while handling due to electrostatic discharge events. A
successful sample yield ratio of 20% for 40 layer pairs during removal of the UHV
sputter system has been calculated.

Burn Rate for Substrate Dependant Al/CuO MIC
With substrate dependent Al/CuO MIC films several types of substrates were
used. Initial samples were prepared on silicon wafer (Si) substrates having a relatively
thick (few microns) surface layer of photoresist. For the typical structure having an 80
nm bilayer period and total thickness of 3.2 µm, we observed burn rates in the range of
50 to 60 m/s for materials adhered to a photoresist covered substrate. For the identical
layer structure adhered to a glass substrate without a photoresist layer, reaction velocities
of 40 to 50 m/s were observed. Similar velocities were observed for this structure on Si
substrates having a thick intervening layer of SiO2 to provide thermal isolation. When
this structure was prepared adhered to a Si substrate without a thermal isolation layer, no
self-propagating reaction was observed, i.e., the reaction was effectively quenched.
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Table 4.2 shows the data results of a direct probe measurement system for varying
substrates.

Table 4.2: Burn rate on Single and Composite Substrates

Substrate
glass
photo
resist/Si
photo
resist/Si
photo
resist/Si
SiO2/Si
SiO2/Si
SiO2/Si
SiO2/Si
SiO2/Si

Thermal
Speed of reaction
conductivity Thickness Sample rate (m/s)
(W/m.k)
(µm)
(kHz)
45.61, 44.78, 51,
1.4
1000
800, 1000
44.76, 47.17

Average
Speed
(m/s)

0.2

1.1

800

52.94, 54.97

53.955

0.2

10

800, 1000

61.05, 61.86,

61.45

0.2
1.4
1.4
1.4
1.4
1.4

2
0.03
0.1
0.2
0.5
2

800
1000
1000
1000
1000
1000

17.20, quench
quench
quench
quench
41.66, 43.52, 42.97
43.1,42.73, 41.78

quenched
quenched
quenched
quenched
42.72
42.54

46.75

When a Al/CuO MIC was deposited directly onto a Si substrate without a thermal
isolation layer, no self-propagation event took place. This is considered to be a quenched
reaction. The dependence of the reaction velocity on the substrate is an example of how
the reaction process may be probed by measurement of the reaction velocity for a series
of samples. We estimated the thermal penetration depth, , of the moving reaction front
into the thermally grown SiO2 surface layer by varying the thickness, DSiO2, of the layer.
For the case of DSiO2 > , the reaction velocity is expected to be similar to that of the bulk
glass substrate.

For DSiO2 <  , a reduced reaction velocity is expected due to the

increased loss of the heat of the reaction into the higher thermal conductivity silicon.
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Preliminary data showing the dependence of reaction velocity on DSiO2 is shown in Figure
4.11.
The sudden decrease in velocity for DSiO2 less than 500 nm indicates this to be an
upper bound for the thermal penetration depth, . If we use this distance and the thermal
diffusivity of SiO24, , in the simple approximation,   4t , we get an estimate of the
time, t, that the composite substrate is exposed to the moving reaction front as t = 69 ns.
The measured velocity of the reaction front, v = 43 m/s, allows us to calculate its

Propagation Velocity (m/sec)

effective width, w, as ~ 3 µm.
60
50
40
30
20
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0
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(nm)(nm
on Si
2 thickness

10000
1 mm
glass

Figure 5 – MIC burn rate as a function of substrate
thermal isolation layer thickness.

Figure 4.11: Al/CuO MIC burn rate as a function of substrate thermal isolation layer thickness

Burn Rate for Free Standing Al/CuO MIC
Considering the importance of the substrate’s thermal conductivity and thickness
the expected burn rates for free standing Al/CuO MIC’s should be much higher. This can
be attributed to the fact that the thermal conductivity of air at room temperature is 0.0257,

4

The value of  = 9 x 10-7 m²/s is used.
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approximately ten times lower than that of photoresist. Using the direct light photodiode
measurement system accurate burn rate measurements were achieved. Figure 4.12 shows
the best result for burn rate measurement of a 40 layer pair Al/CuO MIC with a speed of
147 m/s.
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Figure 4.12: Free standing Al/CuO MIC 40 layer pair burn rate measurement
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Other measurements have been taken with both glass substrates and free standing
material. The results for 40 layer pairs of Al/CuO MIC’s are displayed in the formatted
Table 4.3.

Table 4.3: Burn rate for optically measured Al/CuO MIC

Substrate

Free Standing
Free Standing
Free Standing
Free Standing
Free Standing
Free Standing
Free Standing
Free Standing
Free Standing
Glass
Glass
Glass
Average Free
Standing
Average Glass

Thermal
conductivity
(W/m.k)
0.0257
0.0257
0.0257
0.0257
0.0257
0.0257
0.0257
0.0257
0.0257
1.4
1.4
1.4
0.0257
1.4

Sample rate
(kHz)

Speed of
reaction (m/s)

1000
500
1000
500
1000
1000
500
500
1000
1000
1000
1000

71.35
88.19
25.51
19.84
54.57
147.06
96.58
100.79
81.97
31.06
42.02
47.85
76.21
40.31

Summary
This chapter has detailed the different measurements that have taken place using
Al/CuO MIC’s. Beginning with the amount of energy required to start a self propagation
reaction and ending with burn rate measurements using both a direct probe method and
with the use of optics. The outlined experiments show that 8µ Joules was the minimum
amount of energy needed to ignite the self propagating reaction of the 40 layer pair
Al/CuO 3.2 micron thick samples. Various burn rate measurements of Al/CuO MIC’s
with two fundamentally different measurement systems have been used.
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Both

measurement systems with glass substrate samples have agreed with each other helping
to validate both methods of measurement.

The reaction of the Al/CuO MIC is

completely quenched for Si substrates having a SiO2 layers less than 200nm thick. The
average burn rate for the Al/CuO MIC’s on glass is rated at 40 m/s with a high of 47.85
m/s. The average burn rate for the Al/CuO MIC’s free standing was determined at 76.21
m/s with a never recorded before maximum of 147 m/s.
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CHAPTER 5
SUMMARY
Significant progress and accomplishments have been made with the
understanding of Al/CuO MIC’s. The problems of burn rate measurements and ignition
energy have been solved using multiple methods and steps to ensure a thorough
understanding of the material. This understanding started with burn rate measurements
of substrate dependant Al/CuO MICs and ignition energy requirements for self
propagating events.
Using photodiodes presented problems with light intensity and oversaturation of
the diode. Using ND filters and varying diode resistance allowed this issue to be solved.
The resulting optimum combination for measurement was two ND filters (ND1 and ND4)
and a diode resistance of 235k ohm.

LabView software and National instruments

hardware were developed and utilized in order to achieve accurate burn rate
measurements with a high frequency of iterations. The software could be adapted for
both direct probe and optical type measurements with on the fly user interface settings.
Al/CuO MIC’s were measured with different substrates that included glass, photo resist,
and SiO2, as well as with free standing film samples. The variation of SiO2 let us find an
upper and lower bound of an SiO2 isolation layer. Using a special lift off procedure with
deposited Al/CuO MIC’s free standing films were obtained for optical measurement.
This showed a significant increase in reaction speed due to the lack of a thermal
quenching effect to the substrate. A maximum burn rate was calculated for 40 layer pairs
of Al/CuO MIC with a speed of 147 m/s. This is the fastest burn rate ever achieved for
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these films or any MIC to date, almost a factor of 3 times faster. With this speed increase
the use of MIC’s can be seen as a more viable solution for military applications.
When solving the problem of burn rate measurements for Al/CuO MIC’s, the
ignition energy required to start a self propagation reaction became a concern. Three
different methods were used in order to find the lowest possible ignition energy. The
approach started with the use of mechanical switches and capacitance in parallel with a
Al/CuO MIC. Ignition energy of 60µ Jules was the lowest recorded amount of energy to
initiate a self propagation reaction. Seeking further methods for lowering the ignition
energy required two more measurement setups. One type was called the Ramping Pulse
Measurements that yielded higher ignition energy of 137µ Jules. The higher ignition
energy was explained by a slow ramping of voltage to the Al/CuO MIC. The slow
ramping of voltage delayed the critical reacting point to start a self propagation event and
allowed the film to absorb more energy before reaching a reaction event. The third
ignition energy test involved the method of lowering a device probe into contact to an
Al/CuO MIC with a known capacitance charge in parallel. By using a combination of the
first two tests the voltage drop of the capacitor was measured. The two lowest ignition
energy requirements were measured from this experimental setup at 8µ Jules and 12µ
Jules.

Future Work
A good understanding of burn rates and ignition energy has been accomplished.
Minimal work would be done with any of the measurement setups developed for burn
rate or ignition energy measurement. With their always being room for improvement,
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multiple integrated circuit (IC) Op-Amps used with the fiber optic photodiodes might
produce a much cleaner signal for burn rate measurement. The study of other MIC’s as a
free standing material for burn rates and ignition energy would add to the data set
collected for Al/CuO. This would give a much broader knowledge of burn rates and
ignition energy for MIC as a whole.
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APPENDIX A
LABVIEW SOFTWARE AND HARDWARE
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LabView Software Code
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1. Create an analog input voltage channel
2. Find out how many channels are being used in this operation
3. Define the sample clock rate.
a. Define the sample mode to be continuous
4. Show the channel name of the condition channel
5. Initialize the data arrays to be used for holding successive iteration so data
a. Pre-allocation of memory improves the performance
6. Call the Start VI to start the data acquisition
7. Read the scaled analog input data
a. Shift registers attached to the while loop are used to keep track of
triggering status and previous data samples. Required for pre-triggered
acquisitions
8. Use the analog trigger through software
a. VI specifically created for this example to detect the requested trigger
condition through software
9. Show the acquired data if the trigger condition is met
10. Stop the loop if the trigger condition is met
a. Error occurs
b. Stop button is pressed
11. Call the clear task VI to clear the task
12. Use the popup dialog box to display an error or warning if any

51

LabView Software User Interface
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1. Physical NI 6250 channel selection
2. Maximum and minimum voltage ranges
a. Minimum: -10 Volts
b. Maximum: 10 Volts
3. Select sampling rate 10Mhz max limit
a. Amount of samples per read can be set
4. Triggering Parameters to start data capturing set to a certain voltage level
a. Above Level
b. Below Level
c. Amount of samples collected before trigger can be set
5. Indicates if all pre-trigger samples have been collected
6. Output of sample collection
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LabView Hardware Interface
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APPENDEX B
FIBER OPTIC PHOTODIODE MEASUREMENT DEVICE
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Fiber Optic Photodiode
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Circuit for Fiber Optic Photodiode
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Sample Output for Fiber Optic Photodiode
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APPENDIX C
DIRECT LIGHT PHOTODIODE MEASUREMENT DEVICE
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Direct Light Photodiode Array Assembly
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Circuit for Direct Light Photodiode with Op-Amps
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Integrated Circuit for Direct Light Photodiode
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Integrated Circuit for Photodiode Two
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